To permit an assessment of the relative contributions of the transsulfuration and the direct sulfhydration pathways for homocysteine biosynthesis, the time course of incorporation of 35S from 36SO4-into Various sulfur-containing compounds in Lemna pauicostaa has been determined.
organic sulfur compound. The flux of sulfur into cystathionine was sufficient to sustain the known rate of methionine biosynthesis. It was calculated that transsulfuration accounted for at least 90 and 85% of the total homocysteine synthesis in low and ample sulfate-grown plants, respectively (and may have accounted for 100%). No marked rise in the 3S-soluble cysteine:3S-homocysteine ratio was observed even at the shortest labeling times, but it is argued that this may be due to (a) the observed compartmentation of soluble cysteine, and (b) the impracticality of using labeling times shorter than 17 seconds. Additional evidence supporting the importance of transsulfuration in Lemna is briefly described.
Green plants possess the enzyme activities to synthesize homocysteine, the immediate precursor of methionine, by either of two pathways (13) . Transsulfuration involves the transfer of sulfur from cysteine to homocysteine via the intermediate, cystathionine (4, 11) :
Cysteine + O-phosphohomoserine --cystathionine + Pi (1) Cystathionine + H20-* homocysteine + pyruvate + NH3 (2) Cysteine + O-phosphohomoserine (1)+ (2) + H20 -. homocysteine + pyruvate + NH3 + Pi The alternative is the direct sulfhydration of O-phosphohomoserine (6) Organization, Division of Plant Industry, Canberra, A. C. T., Australia.
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least 97% of the total net homocysteine synthesis (12) . To extend these studies to higher plants, we have now carried out similar experiments with Lemna paucicostata Hegelm. 6746. This plant has significant advantages for rapid radioactive labeling studies (e.g. its small size, simple structure, and aquatic habit as well as the ease of obtaining reproducible populations of vegetatively reproducing plants growing rapidly under axenic conditions [7, 15]). Considerable background knowledge about the sulfur metabolism of Lemna is now available (1-3, 6, 8, 10, 16) . Further, we have developed a phytostat which permits the growth of this microphyte in semicontinuous culture with sulfate maintained at very low, but constant, concentrations in the growth medium (9) . Under these conditions the inorganic sulfate pool of the plants is lowered (8) and, as will be shown presently, radioactivity from 35so42-enters more rapidly into the intermediates in the methionine biosynthetic pathway. The results ofthese studies are reported here.
MATERIALS AND METHODS
Chemicals. Chemicals used in the growth medium for Lemna were obtained as described (9) . Commercially available reagent grade chemicals, chosen because according to the supplier's specifications they contained the lowest amounts of sulfate contamination, were used for preparation of the medium. During the course of the experiments it became clear that the medium contained more sulfate than had been anticipated. The source of the contaminating sulfate was traced to the preparation of EDTA (9) . Values for sulfate concentrations given in this paper have been corrected for this contamination. Sources and preparation of nonradioactive and radioactive chemicals were as in previous work (12) .
Plant material. Lemna paucicostata Hegelm. 6746 was grown in stock culture as described (9) . Experimental colonies were grown photoautotrophically either at 4.5 IM sulfate (in a phytostat with the input medium containing 5.3 lsM sulfate and the flow rate maintained at 10 ml/colony .24 h) (9) or at 1 mm sulfate (batchwise in 1200 ml medium contained in 2-liter flasks) (9) .
Precautions Against Contamination. Freedom of the plant samples from microorganisms was ensured by culturing samples of medium and homogenized plants at frequent intervals (9) . Any contaminated cultures were discarded.
General Methods. To avoid cross-contamination by trace amounts of radioactive amino acids, all glassware used for extraction and assay was either new or had been soaked overnight in 10%1o HNO3 in H2SO4. 35S in individual amino acids was assayed by addition of an exactly known amount of authentic tritiated Plant Physiol. Vol. 68, 1981 amino acid to the sample and purification to constant 3S:3H ratio by successive paper electrophoresis and/or chromatography.
When a constant 3S:3H ratio was reached, the 3S content of the compound was calculated as the product of this ratio and the amount of tritium added (12) . Further details concerning these methods are described in the cited papers from this laboratory. The following electrophoresis buffers were employed: buffer 1, 1.16 M acetic acid (pH 2.5); buffer 2, 2% (0.48 N) formic acid, 10 mM 2-mercaptoethanol; buffer 3, 25 mm Na-acetate, 10 mM acetic acid, 1 mM Na2EDTA. The following solvents were used: solvent 1, methanol:pyridine:HCl (1.25 M) (37:4:8); solvent 2, 2-propanol: formic acid (88%) (6:4); solvent 3, 1-butanol:acetic acid:water (12: 3:5); solvent 4, 2-propanol:formic acid (88%):water (7:1:2); solvent 5, acetone: 0.5% (w/v) urea (3:2, v/v) containing 10 mm 2-mercaptoethanol. For the assay of cystathionine, the papers for electrophoresis and chromatography were prewashed with glacial acetic acid and water.
Short-Term Labeling Experiments. Incubations of Lemna with 35S-sulfate for periods of 17 s to 60 min were performed in baskets made of fine-mesh stainless steel gauze with sides 2.5 cm high and handles. The floor of the baskets varied in area from 9.5 to 91.5 cm2, depending upon the number of colonies to be incubated. The baskets were contained in a 19-cm crystallizing dish equipped with a sparger and filled to just below the tops of the baskets with sterile presparged "holding medium." In the case of the plants grown in the phytostat this holding medium was 4.5 pM in sulfate. Plants were rapidly counted from the phytostat into these baskets. This and subsequent operations were performed in a laminar flow hood at 25 C at a vertical light intensity of 50 to 60 ,uE m 2 s-1 of photosynthetically active light. The medium was continuously sparged with sterile 1% (v/v) C02 in air, and the same gas mixture was gently blown over the plants through a sterile nozzle with many perforations. When all the baskets were filled with plants to confluence, each basket was briefly lifted up, drained, placed on several layers of filter paper while the few colonies hanging on the sides were gently pushed to the bottom with a spatula, and the basket was transferred to a sterile empty 19-cm dish. As soon as this dish was filled with the baskets, 200 ml of presparged, temperature-equilibrated 35S-sulfate-containing medium was added through a funnel between the baskets and a stopwatch was started. The dish was gently swirled and C02/air blown over the plants as before. Just prior to termination ofthe desired incubation time, the appropriate basket was removed, shaken to remove most of the excess medium, and the reaction was terminated by dropping the basket into a beaker of boiling 80%o ethanol containing 10 mm acetic acid. 
RESULTS
During the present studies, Lemna colonies growing photoautotrophically on media containing fixed concentrations of sulfate 3For convenience, "cysteine" and "homocysteine" as used in this paper in connection with compounds present in intact plants do not necessarily imply a distinction between the reduced (sulfhydryl) forms and the oxidized (disulfide) forms.
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TRANSSULFURATION IN LEMNA were exposed continuously to 35So42-for varying periods. Because of the wide range in the durations of the labeling periods, several separate experiments were carried out, similar in principle, but differing in the specific radioactivity of the 35So42-in the medium and in the details of the experimental design (as described under "Materials and Methods" under "short-term" and "intermediateterm," and in reference [8] ). The 35S which had accumulated in a variety of compounds in the plants during these labeling periods was then measured as described under "Materials and Methods."
The results of most importance for an assessment of the relative contributions of the transsulfuration and direct sulfiydration pathways were obtained by measurements of 35S-cystathionine.
Any cystathionine present in a plant sample would have been found (as its oxidation product) in the neutral oxidation products fractions obtained during the purification procedure (8, 12) . Figure  1 illustrates the distribution of 3S after various samples of the neutral oxidation products fractions had been subjected to paper chromatography. For comparison, in Figure 2 is shown a representation of a similar chromatogram of the neutral oxidation products derived from plants labeled to an isotopic steady state by growth in the presence of 35SO42-. These Figures show that when the plants had been incubated for short periods with 35s42-(as exemplified here by the "1 minute" sample) most of the 35S in the neutral oxidation products fraction travelled in a single, slowly moving peak (centered about cm 6 in these chromatograms). It will be shown below that this peak was due to the presence of 35S-cystathionine (assayed here as its oxidation product). At 1-min labeling time, the amount of 35S in soluble methionine (assayed here as its sulfone, and indicated by the 3H peak at cm 21 to 23) was much less than the amount of 35S present in cystathionine oxidation product. After 4 min of labeling with $o42, 35S cystathionine and soluble 3S-methionine were present at comparable amounts. At longer labeling times, soluble 3S-methionine Table I in reference [8] ). Solvent 4 was used to develop the chromatogram. The 3H peak at cm 27 to 28 was due to authentic 3H-methionine sulfone; the 3H peak at cm 4, due to the oxidation product of authentic 3H-cystathionine. greatly predominated over 35S-cystathionine until, in the sample from plants labeled to isotopic steady state, no discrete peak of S corresponding to cystathionine oxidation product (indicated by the 3H peak at cm 4) could be discerned (Fig. 2) .
As described above, cystathionine, soluble methionine (as the sulfone), and a number of other 3S-containing compounds were each purified from each plant sample, along with authentic tritiated markers, the presence of which made it possible to establish the radiopurity of each final isolate and to correct for losses during purification. Figure 3 each compound has been expressed on a colony basis, and divided by the specific radioactivity of the 'SO42-with which the plants were incubated. It is again apparent that 35S accumulated very rapidl%in cystathionine. Indeed, after short periods of incubation, more S was recovered in cystathionine than in any other compound. This fact is seen clearly in Figure 4 , in which the values from Table I have been expressed as percents of the total reduced organic 'S in each plant sample, and plotted against time of labeling. The significance of these results will be discussed below.
DISCUSSION
The Importance of Transsulfuration. Based on the results of the experiments described here, several considerations lead to the conclusion that transsulfuration is the chief, perhaps the sole, metabolic route for homocysteine biosynthesis.
The Rate of Cystathionine Synthesis and its Turnover. Figures 1,  2 , and 4 and Table I (as well as previous data [8] ) combine to demonstrate that there is a rapid and quantitatively important flux of sulfur from sulfate into cystathionine, but that this compound makes only an insignificant contribution to the long-range accumulation of sulfur by these Lemna colonies. Cystathionine must therefore be turning over rapidly. The only known metabolic reaction by which cystathionine is removed in higher plants is through cleavage to homocysteine and pyruvate by the action of fl-cystathionase (reaction 2). In agreement, no major rapidly labeled 3S-containing compounds other than homocysteine and its derivatives were noted in the plant samples to suggest an alternative route of cystathionine removal. This reasoning therefore strongly suggests that in the growing Lemna colonies cystathionine is very rapidly being formed and converted to homocysteine.4
Is the flux of sulfur into cystathionine sufficient to maintain the known rate of methionine synthesis? In experiments such as those under discussion in which an 3S precursor is administered continuously, the absolute rate of flux of sulfur into a compound may be calculated readily if during some interval the accumulation of 35S in that compound is linear with time. For such linearity to occur, in general all sulfur-containing precursors of that compound will have had to attain isotopic steady state by the start of the interval; and the duration of the interval will have to be short relative to the turnover time of the compound in question. Table I shows that these conditions did not appear to be satisfied for any of the measured compounds over any interval. Most likely, the internal sulfate pool of the plants, which is present in relatively large amounts (8) , failed to attain isotopic steady state for at least 8 h 4An important assumption in this, and the ensuing interpretations of the significance of the rapid incorporation of 'S into cystathionine is that the incorporation of label from soluble cysteine into cystathionine be irreversible. This assumption is supported by: (a) The fact that during in vitro experiments with crude extracts of Lemna paucicostata, and under conditions in which net conversion ofcysteine to cystathionine could occur in the presence of O-phosphohomoserine ( In spite of this difficulty in estimating-absolute flux rates, a useful approximation of the rate at which sulfur enters cystathionine relativ n te rate at which it enters protein cysteine may be made; as is indicated in the simplified diagram at the top of Figure  5 , both are products of the same precursor, soluble cysteine. These plants accumulate the major sulfur-containing end-products, protern methionine and protein cysteine, at a ratio of about 1.5:1 (8).
Subject only to some uncertainty due to the unknown, but presumably small, delay which the presence of additional intermediates between soluble cysteine and protein cysteine (for example, cysteinyl-tRNA) might bing about in the transfer of 35S into protein cysteine, it then follows that, if cystathionine is an obligatory intermediate on the path to methionine, soluble cysteine should be conveted to cystathionine at least 1.5 times faster than it is converned to protein cysteine. Figure 5 shows that the data obtained are compatible with this expectation. At the shorest labelin periods, before cystathionine turnover became a major factor, S accumulated in cystathionine at least 1.5 times faster than in protein cysteine. This finding strongly supports the suggestion that the rate of cystathionine synthesis is sufficient to accomodate the rate of methionine synthesis. Maximal Per Cent Contribution of Direct Sufhydration to Total Homocysteine Biosynthesis. We have shown previously (12) 5HThis point could not be tested directly in these experiments because the rapid labeling times used, and the extremely high specific radioactivity of the e5for in the medium, made it impractical to free the plants of 6s534S-from the medium sufficiently so that internal 5so42 could be measured. olation of the resulting curve to zero time will provide the best available estimate ofthe maximal possible percentage contribution of direct sulfhydration to total homocysteine biosynthesis. If a value for soluble cysteine is included in the denominator of the above term, and the same operations are carnied out, the result is an alternative, slightly lower, estimate of the maximal possible contribution of direct sulfhydration. In Figure 6 tre shown the results of such calculations. The curves for the maximal possible contributions of direct sulfliydration fall progressively as labeling time decreases, reaching values of less than 10%)o at the shortest labeling time. In the insert these early points are shown in expanded scale and are compared to the corresponding plot for Chlorella (12) . The Lemna curve appears possibly to extrapolate to ay-intercept of 5 to 10%o as the best estimate ofthe contribution of direct sulfhydration to homocysteine biosynthesis. However, in our judgement the scatter of the early points is such that the evidence that direct sulfliydration does indeed make such a finite contribution can not be considered to be compelling. For the moment, we conclude only that transsulfuration contributes at least 90%o of the total homocysteine biosynthesis (and could contribute 100%o).
Compartmentation of Cysteine and the "S-Soluble Cysteine:
3S-Homocysteine Ratio. In studies of the kinetics with which radioactivity from 35so42-entered sulfur-containing compounds in Chlorella (12), we found that the ratio of 35S-soluble cysteine to 3S-homocysteine was very high at the shortest labeling time studied (i.e. a ratio of 127:1 after a 1-s labeling period). This ratio dropped markedly and rapidly with longer periods of labeling, falling to 11:1 at 12 s and, soon thereafter, to an isotopic steady state value near 4:1. The initial high value of this ratio and its rapid fall were interpreted as support for the physiological impor- (1) (12) . In the insert the scale of the abscissa for Chlorella is six times that for Lemna, corresponding to the relative rates of growth of these two organisms under the conditions of the experiments.
tance of the transsulfuration pathway in Chlorella and for the lack of a significant contribution of the direct sulfhydration pathway (12) .
In the experiments reported here with Lemna, the 35S-soluble cysteine:35S-homocysteine ratio remained, within experimental error, essentially constant at 3 or 4:1 during the shortest labeling periods, and fell only to near 1 or 2:1 at longer labeling times. Although these observations provide no additional support for the physiological importance of transsulfuration, we think that the lack of a marked rise at short labeling times is not incompatible with transsulfuration being the dominant pathway. Two factors may have contributed to the failure to observe the expected rise in ratio.
Compartmentation ofsoluble cysteine. In our studies of Chlorella, soluble cysteine was shown to be compartmented into a "rapidly turning over" pool (comprising less than 1% of the total soluble cysteine) and a "slowly turning over" pool. This (19) .
The method for calculation of turnover times based on the proportion of 3S "Downstream" has been described in detail (see legend to Table IV in reference [12] acid. The results strongly suggest that in Lemna, as in Chlorella, soluble cysteine is compartmented into a rapidly turning over pool, comprising in Lemna no more than a few per cent of the total, and a slowly turning over pool. Depending on the relative rates of transfer of 35S-cysteine from the rapidly turning over pool to the slowly turning over pool, as compared to transfer to cystathionine, such compartmentation could be the major reason why the 35S-soluble cysteine:35S-homocysteine ratios were not higher at the shortest labeling periods.6 An additional conclusion based upon the calculations in Table  II is that cystathionine, homocysteine, and soluble methionine appear to be much less compartmented than is soluble cysteine. Given the inexactness ofthe calculations, the results do not appear sufficiently compelling to justify the conclusion that these other compounds are indeed compartmented at all. Again, these results conform to those obtained with Chlorella (12).
Difficulty of carrying out experiments at shorter labeling times. In theory, if transsulfuration is indeed the dominant pathway, the failure to observe high 35S-soluble cysteine:35S-homocysteine ratios could be overcome by carrying out experiments at shorter labeling times. As noted above, with Chlorella this ratio did not rise 6 High 3S-soluble cysteine:3S-homocysteine ratios were observed in the Chlorella experiments in part because the rate of transfer of 3S-soluble cysteine from the "rapidly turning over" pool to the "slowly turning over" pool was somewhat faster than the rate of transfer to cystathionine. In effect, this permitted total soluble cysteine, in spite of its compartmentation, to act as a trap for 35S (12) . In Lemna the rate of transfer of 3S-soluble cysteine from the "rapidly turning over" pool to the "slowly turning over" pool was apparently slow relative to the rate of transfer into cystathionine so that, given the compartmentation, total soluble cysteine was not an effective trap for 'S. TRANSSULFURATION IN LEMNA markedly until labeling times of less than 12 s were utilized, and very high ratios were observed only with a few seconds labeling. To obtain a minimal measurable amount of 35S in homocysteine during the shortest labeling time used in the present work, it was necessary to incubate some 1,500 plant colonies with more than 1 Ci of 35SO42-(added at close to 80%Yo of the theoretical maximum specific radioactivity, but diluted to 13% of the theoretical maximum specific radioactivity by sulfate present as an undesired contaminant in the medium [91) . Because of these facts, and the fact that the accumulation of 3S in homocysteine decreased at a greater-than-linear rate as labeling time was shortened, there are likely to be almost insurmountable practical difficulties in determining 35S-soluble cysteine:35S-homocysteine ratios at significantly shorter labeling times.
Plants Grown in 1,000 lM Sulfate. Provision of ample sulfate has been shown to increase the internal sulfate pool of Lemna without a comparable increase in soluble cysteine (8) . We considered the possibility that the sulfide pool might also be increased. The relative availability of cysteine or sulfide for participation in reactions (1) or (3), respectively, is one factor which may affect the balance between the direct sulfhydration and transsulfuration pathways for homocysteine biosynthesis (6) . It therefore seemed possible that the provision of ample sulfate might bring about an increased contribution of the direct sulfhydration pathway. To examine this possibility, several labeling experiments were carried out with Lemna colonies grown in medium containing 1,000 AM sulfate. The results obtained are summarized in Table I (experiment D). Again, cystathionine was labeled very rapidly and was the dominant 35S-containing compound at short incubation periods. However, as expected, the presence of the larger internal sulfate pool in these plants slowed the appearance of 3S in the intermediate compounds of interest. As a consequence, it was not possible to obtain reliable measurements of the 3S contents of most compounds until 60 to 240 s of labeling had taken place. The maximal possible per cent contributions of direct sulfhydration calculated from the 60 s and the 240 s incubations were 15 to 16% and 27 to 28%, respectively, values not higher than those at comparable labeling times for plants grown in 4.5 ILM s42- (Table   I and Figure 6 ). These results exclude a dominant contribution of direct sulfhydration under conditions of enhanced sulfate availability, and are consistent with the possibility that even under these circumstances transsulfuration is the major, perhaps the sole, pathway for homocysteine biosynthesis.
Additional Evidence. Since completion of the studies reported in this paper, ongoing studies of sulfur metabolism in L. paucicostata have provided several additional lines of evidence which support the physiological importance of the transsulfuration pathway in this plant. In brief, this evidence may be summarized as follows: (a) Aminoethoxyvinylglycine, a structural analog of the naturally occurring amino acid, rhizobitoxine (a compound which we have previously shown to produce an irreversible inhibition of Crude extracts of L. paucicostata catalyze an in vitro, O-phosphohomoserine-dependent conversion of cysteine to cystathionine at rates sufficient to sustain the known rate of methionine synthesis in intact plants (18 
